, it was assumed that VT was represented by adequately by Cobb angle and it was not analysed individually. We hypothesized that the Cobb angle and the VT measured in axial plane on CT scan and may not represent the same measurement and factors like coronal plane vertebral tilt,VR and vertebral deformation might affect them in different ways. Hence, VT should be considered as a separate variable and its relationship with VR, RI and Cobb angle should be investigated. Since the newer implants depend on curve translation and derotation for correction studying the role of VT and the relationships is important. VT, VR and RI were measured in CT scans of 75 patients with IS and correlated with Cobb angle. Regression analysis was used to identify the influence of the variables on each other. All the variables significantly correlated with one another but the correlation of Cobb and VT is not perfectly linear and it cannot be used to represent VT. VT influences RI much more than Cobb angle or VR.
Introduction
It is well known that the deformity in idiopathic scoliosis (IS) is three dimensional and correction involves all three planes. CT scan has proven to be a useful tool in analysis of the deformity and planning correction. Variables like Cobb angle,rib hump, vertebral rotation (VR) and vertebral translation (VT) which affect the curve have been studied [1, 2] and some authors have even noted that rib hump may be the first event [3] [4] [5] [6] . The VR along the longitudinal axis has received attention in recent years due to the popularity of pedicle screw fixation [7] [8] [9] [10] [11] . Studies have also documented the relationship between VR, rib hump severity, quantified as rib hump index (RI) and Cobb angle [12, 13] .
The senior author had noted VT in axial CT scan in number of cases of IS. While this is a known component of the deformity [13] [14] [15] [16] and studies have shown that deformation of the vertebrae and VT have a linear relationship in opposite directions and occur along with VR [15, 16] , analysis of VT has been neglected. It has been erroneously thought to be represented by Cobb angle alone [13] .
We hypothesized that Cobb angle (supine) measured on radiographs cannot be used to represent VT and that VT measured on axial sections of CT scan will not vary in proportion to it since factors like coronal plane vertebral tilt, rotation, rib hump and vertebral deformation may affect the Cobb angle and VT differently. Hence, VT should be considered as a separate variable and its relationship with other factors should be investigated. It is even more important as the newer implants depend on vertebral derotation and translation for curve correction.
Materials and methods
Following approval from our institutional review board, we retrospectively reviewed the preoperative radiographs and CT scans of 75 patients: 20 males (26.67%) and 55 females (73.33%), with IS who subsequently underwent surgery for the same. The mean age of the patients was 17.6 years (range 5-63 years). 93.6% of curves were right sided and 6.33% were left sided.
All IS with documented onset before skeletal maturity were included. Previously operated patients, non-idiopathic scoliosis, adult scoliosis, IS with degenerative changes, those who underwent only conservative treatment or those who did not have a preoperative CT scan were excluded.
All patients were assessed with clinical and neurological examination by the same surgeon. Preoperative radiological assessment included standardised radiographs (full length spine supine AP, erect PA, lateral and bending views) and CT scan of the scoliotic spine. CT protocol used was 2 mm slice thickness using Somatom Sensation 16, Siemens AG, Erlangen, Germany. All CT scans were done in supine position on a cushion and were reported by the same radiologist. All radiological measurements were done using picture archiving and communication system (PiViewSTAR, InfiniitPACS, Version No:5.0.8.1, South Korea) by three fellowship-trained spine surgeons.
Cobb angle was measured on supine and erect radiographs. Lenke classification of the curve [17, 18] and risser sign were noted. Some conventions were adopted for measurements. In patients with multiple curve patterns or double thoracic curves, the main thoracic curve was used as the only measurement area to ensure uniformity. Lumbar structural scoliosis was not analysed because we were concerned with correlation of the parameters with rib hump. We felt that consideration of lumbar curve patterns may confound the results. In those cases with multiple curve patterns, the lumbar curve and proximal thoracic curve were taken into consideration only for the purpose of Lenke classification.
VR, VT and RI were measured in the axial sections of CT scan at the apex defined by the radiograph using methods detailed below. The VR was measured on axial CT sections with the protocol of Ho et al. [9, 19] . This was chosen because of the simplicity of measurement with easily identifiable landmarks and better intra and interobserver reliability over Aaro and Dahlborn method on all except the abnormally titled vertebrae [10, 20, 21] . Rib prominence was measured using RI described by Gotze and Thulbourne and Gillespie and adapted by Aaro and Dahlborn [13, 22, 23] .
To measure the VT in axial plane of the CT scan, a simple method was evolved (Fig. 1) . Midpoint of sternal width was marked at the apex of the curve in axial sections of the CT scan. The horizontal distance from the centre of the vertebral canal to the vertical line dropped form the sternal centre was measured in millimeters as the VT. The centre of sternum was chosen as it was identified as the 'pole star' bony point which was relatively stable in the midline to which we could refer to measure translation of the vertebra.
Three surgeons measured the same data set; one surgeon repeating the measurement at an interval of 1 week. All surgeons were fellowship trained in spine surgery and were blinded to other's measurements.
Statistical analysis
Statistical analysis was performed using SPSS Statistics (v 17.0) software package. Descriptive statistics was analysed. Correlation co-efficient was evaluated using Pearson's correlation co-efficient (r 2 ) for intra and interobserver analysis and correlation between all the variables. p value of less than 0.05 was considered significant.
Contribution of the variables to one another was assessed and the impact on each other was analysed with regression analysis, changing the dependant variable from Cobb (supine), VR, VT and RI. Adjusted R squared value was noted to to assess the adequacy of models, but no cut off value was decided. Instead, p value less than 0.05 was considered significant. Collinearity statistics was also noted in case of high correlation. Any correlation between the Fig. 1 Measurement of the VT in axial section of the CT scan. Measured in millimeters as the horizontal distance between the line dropped from the centre of the spinal canal and the centre of the sternal width variables can confuse the conclusions derived by regression analysis. This could be brought out and correction done. High-tolerance values close to 1.0 and the lower VIF on collinearity statistics suggest that the variables do not interfere with regression analysis. Since the study included patients with ages of 5 years and 63 years, to discount the effects of early onset IS and degenerative changes in a long-standing idiopathic scoliosis, we redid the regression models with those two patients excluded and compared the results to the original set to assure ourselves of accuracy.
Observation and results
A total of 75 patients were measured. There were 20 males (26.67%) and 55 females (73.33%). The average age was 17.16 years (SD of 8.97, range of 5-63 years). There were 70 right sided thoracic curves (93.33%) and 5 left sided thoracic curves (6.67%). Maximum number of curves had an apex of T8 (27 no., 36%) followed by T9 with 25 no (33.33%) and T10 (10 no., 13.33%). Curve apex and Lenke classes were distributed as detailed in Figs. 2 and 3 , respectively.
Cobb angles
The mean Cobb angle (supine) was 50.29°(range of 21.75°-128.7°, SD of 20.46°Cobb angle (standing) averaged 61.14°(range of 24.31°-145°, SD of 22.06).
The intraobserver reliability of Cobb angle (supine) was very good (r = 0.99, p \ 0.01) as was the interobserver reliability with values of, r = 0.997, r = 0.942 with p value \0.01 between observer one and two and observer one and three, respectively. There was also very good intra observer reliability in Cobb angle (standing) (r = 0.986, p value \0.01). The inter observer reliability was also very high; r = 0.998 and r = 0.936 with p value \0.01, between observer one and two and observer one and three, respectively.
Correlation between Cobb angles (supine and standing) with VR, VT and RI was significant with p value \0.001 and age with p value of \0.05. The correlation of the Cobb angle (supine) and Risser stage was not statistically significant (Table 1 ; Fig. 4a-h ).
Vertebral rotation
The mean VR was 17.22°(range 1.72-57.24, SD 11.07). It had very good intraobserver reliability (r = 0.928, p value \0.01) and interobserver reliability (r = 0.932 and r = 0.973, p value of \0.01 between observer one and two and observer one and three, respectively).
The correlations of VR with Cobb angle (supine) (r = 0.478, p value \0.001), Cobb angle (standing) (r = 0.516, p value \0.001), RI (r = 0.36, p value = 0.002) and VT (r = 0.317, p value = 0.006) are statistically very significant. However, its r values with RI and VT are lower than its correlation with Cobb angle, indicating a weaker correlation of VR with RI and VT (Table 1 ; Fig. 4a-h ).
Rib hump index
The mean RI was 0.24 (range 0.01-2.61, SD 0.34). The RI had a good intraobserver reliability (r = 0.71, p value \0.01) and interobserver reliability with r = 0.837 and r = 0.944, each with p value of \0.01, between observer one and two and observer one and three, respectively. The RI intraobserver reliability values were lower than the interobserver values. We did not re-measure RI as the intraobserver correlation was still significant (p \ 0.01) and the interobserver reliability was very high.
There was statistically significant correlation of RI with VR (r = 0.36, p value = 0.002), VT (r = 0.687, p value \0.001), supine Cobb (r = 0.601, p value \0.001) and standing Cobb (r = 0.593, p value \0.001). It is noticeable that the VT seems to correlate better than other measures with RI. As noted above, VR has the least r value with RI among the variables studied (Table 1 ; Fig. 4a-h ).
Vertebral translation
The mean VT was 36.9 mm. (range 0.59-148.86 mm, SD 20.95). The VT had very good intraobserver reliability (r = 0.96, p value\0.01) and interobserver reliability with r = 0.954 and r = 0.989, each with p value of \0.01, between observer one and two and observer one and three, respectively.
There was statistically significant correlation of VT with VR (r = 0.317, p value = 0.006), RI (r = 0.687, p value \0.001), supine Cobb(r = 0.657, p value \0.001) and standing Cobb (r = 0.675, p value\0.001). It is noticeable that the correlation of the VT with the Cobb (supine and standing), even though high, is not close enough to r = 1.0 indicating that, as hypothesized, VT does not vary in a linear manner with Cobb angle and hence it should probably be treated as an independent parameter (Table 1 ; Fig. 4a-h ).
Regression analysis
Keeping the Cobb angle (supine) as the dependent variable, the predictors were analysed. Using the enter method of (Table 2) . VT had the highest predictive value and impact on Cobb angle (supine), signified by the high beta value and t value, and followed by VR. Interestingly, RI is not a strong predictor and does not have impact on Cobb angle (supine) and value was not statistically significant, as were Risser and age. Collinearity statistics were favourable (Table 2 ). However, it should also be noted that even though the present model is very significant (p \ 0.001) it accounted for only 50.6% of the variance observed.
Keeping the VT as the dependent variable, the predictors were analysed. Using the enter method of SPSS; a significant model emerged (p \ 0.01 F = 19.866, adjusted R square = 0.56) ( Table 3 ). Model's adjusted R square value had improved when VT was used as the dependent variable. VT could be strongly predicted with Cobb (supine) and RI (p value \0.01). RI had the largest beta value and t value, suggesting that changes in small changes in values impact VT more than other variables. However, the VR, Risser and age were not significant predictors. The influence of VR on VT decreased to a statistically insignificant vale when test were repeated with patients aged 5 and 63 years were done. However, Cobb (supine) and RI retained the high significance levels.
In turn, RI was kept as the dependent variable and using the enter method a significant model emerged (p \ 0.01 F = 15.249, adjusted R square = 0.525) ( Table 4 ). RI could be strongly predicted with VT (p value \0.001). VT in addition had a higher beta and t value signifying that changes in VT can impact RI more than other variables. Interestingly, RI was not significantly impacted by changes in Cobb angle or VR in spite of good correlations obtained earlier. Risser and age were not significant predictors.
When we repeated the regression with patients with ages 5 and 63 years excluded, there was a shift in the relationship of Cobb (supine) with RI. The repeat analysis yielded a p value of 0.043 and it was significant. However, this is only slightly less that the significance level of 0.05 and the difference in the way VT and Cobb influenced to RI persisted as evidenced by the high beta and t value between VT and RI which was still much higher than that of Cobb (supine) and RI (Table 4) .
Keeping VR as the dependent variable enter method yielded a significant model (p \ 0.01 F = 4.769, adjusted R square = 0.203) ( Table 5 ). There were several interesting findings. None of the variables, except the Cobb angle had any significant predictive value and impact on VR (p value \0.01). This is even more interesting in the light that these variables had significant correlations with each other. Even though the model was significant, it also had the lowest adjusted R squared value in the analysis performed. Even though there seems to be no universally agreed cut off point for adjusted R squared value, the current model with a value of 0.203 and its included variables, means that it could only explain about 20.3% of the variance observed in VR.
The results were more or less similar with only the Cobb (supine) having any influence on VR when the regression was repeated with the patients with ages 5 and 63 years excluded. In fact the influence of RI on VR and VT on VR decreased further and were statistically insignificant. The influence of Cobb (supine) remained more or less the same at a high significance level.
Discussion
The apex vertebra distribution in our series for IS is comparable with other reported series [13] . In our series the highest number apex was at the level of T8 followed by T9. The relationship of scoliosis, VR and the RI has been well studied [1, 2, 10, 13] . Specifically, Aaro et al. [13] studied the relationship between Cobb angle, VR and RI and concluded that all factors were significantly correlated.Our results on correlations agree well with equivalent correlations in other series [1, 13] (Table 6 ). 
Vertebral translation and its correlations
Clarifying the interrelationship of VT is important in an era where the implants correct the curves mainly by translation and derotation. We had hypothesised that VT cannot be represented by Cobb angle(supine) alone. As per our results, our hypothesis has been proven. VT and its relation to variables like VR and deformation has been well described in literature. Kotwicki et al. [15, 16] have described the VT and its association with deformation and rotation. They found that the vertebral deformation accompanied the translation in a linear correlation with the phenomenas developing in opposite directions. Asher et al. [14] found that the vertebra translate and rotate away toward the apex and that translation occurred along with rotation. There was minimal antero-posterior translation. Acaroglu et al. [24] studied the actual apex, defined as the maximally translated vertebra and found that it was the most rotated in only a minority of the cases and the most rotated vertebra may be one or two level higher or lower to apex.
Inspite of these studies, we were unable to find any references which have studied the correlations between VT and Cobb angle, VR and RI, save the one by Aaro et al. [13] . Aaro et al. [13] measured the VT (ML dev in their notation) indirectly as the angular deviation of the apical vertebra from the sagittal plane on radiographs. Since VT correlated with Cobb angle (r = 0.76) it was concluded that Cobb angle gave fair representation of VT and VT was not analysed. Interestingly, even while reaching this conclusion, they have cited studies which state that Cobb angle was unreliable estimate and that VT should also be measured in addition to it [25, 26] .
In our study, VT and the Cobb (supine) are closely related to each other and the correlation is significant (r = 0.657, p \ 0.01). However, this is lower than the figure of (r = 0.76) Aaro et al. obtained in their study. Our contention to the conclusion of Aaro et al. that Cobb angle can be used as the lone frontal plane deformity estimate is that, the correlation, even while it is statistically significant, is not high enough to be perfectly linear to completely discard the variable VT from analysis. Doing so risks losing important differences in correlation that VT may have with other variables. For example, VR behaves differently to Cobb angle (supine), VT and RI. VR had good correlation with Cobb angle (supine) (r = 0.478, p value \0.001), VT and RI but it has significant impact only on Cobb angle. The effect of VT and RI on VR further decreased when analysis was done after excluding the patients aged 5 and 63 years but the influence of Cobb (supine) on VR remained significant. It should be kept in mind that even though the regression model for VR is statistically significant, the adjusted R squared value was the lowest and the model accounted for only 20.3% of variance. This means that there may be other factors influencing in the relationships. Another example of the different behaviour exibited by VT and Cobb angle is that VT impacts RI and Cobb (supine) to the maximum extent. The impact of VT on RI is much more than that of Cobb angle (supine) on RI.
Thus, it is clear that if VT could be represented by Cobb angle (supine), VT would have followed the behaviour of Cobb angle with other variables closely in addition to having good correlations with it. Thus, VT seems to be an independent element that deserves more attention [14] [15] [16] 24] .
Possible limitations and future improvements of the study To answer the question that has not been adequately addressed we chose a large patient base and included all IS cases. Future studies can filter out the relationships in groupings like juvenile or adolescent IS, removing confounding elements, if any. We have included all curves with a structural thoracic element. Future studies can group them and study individual curve patterns possibly adding other variables and 3D CT imaging to bring out more details. Intraobserver RI measure had a lower reliability, but it was statistically very significant and had very good correlation with interobserver values, so we did not remeasure them. All the models were significant, but the adjusted R squared values could only explain 50-56% of the variance in the values observed. In the case of regression model of VR, the adjusted R square value was even lower at 0.203. Since all the models were significant statistically (p \ 0.001) and there was no universally agreed cut off value for adjusted R squared value, we went ahead with the analysis. This possibly means that there are other variables which are influencing these variables. Inclusion of other variables like sagittal vertebral rotation, kyphosis and lordosis, antero-posterior VT could add more corroboration to conclusions.
Conclusion
Our hypothesis that VT cannot be represented by adequately with Cobb angle (supine) has been substantiated. The relationship of VT with other variables like RI, VR and Cobb angle has been analysed. Even though all variables had significant correlations, VT seems to impact RI to the greatest extent, even more than Cobb or VR. Considering that various studies have cited RI as the initial event in development of the curve and since the impact of VT on RI is significant, it is all the more important that VT should be analysed further. Analysis of the differences in groups of infantile, juvenile and adolescent IS will help further define the interrelationships.
